Anodic oxidation is used for the surface treatment of commercial implants to improve their functional properties for clinical success. Here we conducted ultrastructural and chemical investigations into the micro-and nanostructure of the anodic oxide film of a titanium implant. The anodic oxidized layer of a Ti6Al4V alloy implant was examined ultrastructurally by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). They were also analyzed using energy dispersive X-ray spectrometry (EDS) and X-ray photoelectron spectroscopy (XPS). The TEM revealed that the oxide layer of the Ti6Al4V implant prepared through anodic oxidation was separated into two layers. Al and V were not present on the top surface of the anodic oxide. This can be attributed to the biocompatibility of the anodic oxidized Ti6Al4V alloy implant, because the release of harmful metal ions such as Al and V can be suppressed by the biocompatibility.
INTRODUCTION
Titanium and its alloys have been successfully used as biomaterials since they were introduced more than fifty years ago, thanks to their good mechanical properties, corrosion resistance and biocompatibility with living tissues [1] [2] [3] [4] . As commercially pure titanium (CP-Ti) has relatively lower fatigue strength, titanium alloys such as Ti6Al4V have widely been used to overcome this disadvantage of CP-Ti for heavy load [5] [6] [7] . Titanium and its alloys have been used for implantation in dentistry and orthopedic medicine, because these materials can form a direct interface between an implant and bone without intervening soft tissue, in so-called "osseointegration". In an effort to improve osseointegration, the composition and topography of the implant surface were modified 8) . A Ti implant's surface is generally modified by increasing the surface roughness of the Ti surface or by altering the crystal structure and chemical composition by techniques such as oxidation methods [9] [10] [11] [12] , anodic plasma-chemical treatments 13) , and calcium phosphate and hydroxyapatite coatings on the Ti surface [14] [15] [16] [17] [18] . Anodic oxidation is also used for the surface treatment of commercial implants to improve the implants' functional properties for clinical success. A number of studies investigated the effect of anodic oxidation on the osteoconductivity of titanium. Anodic films on titanium that consisted of rutile and/or anatase phases with porous structures showed an increased apatite-forming ability in a simulated body solution compared to amorphous titania surfaces 1, 19, 20) . Surface morphology plays a fundamental role in cell behavior. Micro-and submicro-roughness of an implant's surface created by anodic treatment could effectively promote osteoblast adhesion 21) . It was reported that a micro-rough surface Ti6Al4V alloy produced by anodic treatment enhanced active bone formation and stable fixation in bone tissue 22) . It was recently demonstrated that anodic oxidation of a sandblasted titanium surface enhanced the strength of early-stage osseointegration 23) . The advantages of anodic oxidation-created titanium nanostructures include the protein retention capability, which can be used in strategies for implant-mediated protein delivery 18) . Anodized titanium in combination with protein such as BMP-2 increased osteoblast adhesion 24) . However, the structure of the anodic oxide film itself has not been well studied, although there is a general concern about the adhesion of the anodic oxide film to the titanium substrate. The purpose of the present study was to ultra-structurally and chemically analyze the micro-and nanostructure of the anodic oxide film of a titanium alloy implant.
MATERIALS AND METHODS

Implant preparation method
The POI system implant (KYOCERA Medical Ultra-structural evaluation of an anodic oxidated titanium dental implant Corporation, Osaka, Japan) was used for this study. The surface treatment of this implant briefly described. The titanium alloy implant was machined from Ti6Al4V round bar, and the machining oil was removed with an organic solvent. Specimens after machining were processed for anodic oxidation according to the following protocol by Yamada et al. 23) : sandblasting, 2 rinses, pickling by hydrogen fluoride (HF) and nitric acid (HNO 3) mixed solution, 2 rinses, anodizing in phosphoric acid mixed solution at a constant voltage of 60 V (DC) for several minutes until the surface developed a gold interference color, 2 rinses, and heat treatment.
TEM/STEM specimen preparation and observation
Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) specimens were prepared by the argon ion-milling technique using an ion slicer (EM-09100IS, JEOL, Tokyo). The titanium alloy implants were cut and polished as preprocessing for the argon ion-milling. The surfaces of the titanium alloy implants were coated with G2 epoxy resin (Gatan Inc., Pleasanton, CA, USA) to observe the cross-section. The TEM and STEM studies were performed using a 300 kV TEM system (JEM-3010, JEOL) and a 200 kV TEM/ STEM system (JEM-2100F, JEOL). The JEM-2100F is equipped with a probe-forming Cs corrector (CEOS, Heidelberg, Germany), STEM bright-field (BF), annular dark-field (ADF) detectors, and energy dispersive X-ray spectrometry (EDS) (JED-2300T, JEOL) spectrometer attachments. The probe-forming Cs corrector enables sub Å resolution STEM imaging (minimum probe size 0.09 nm).
X-ray photoelectron spectroscopy (XPS)
The chemical composition and binding state of the titanium oxide film of the implant surface after each treatment was analyzed by x-ray photoelectron spectroscopy (XPS: AXIS-HS, Kratos, Manchester, UK) in vacuo at less than 10 −7 Pa. We used Al Kα monochromatic X-rays with a source power of 150 W. Wide and narrow scans were measured at a pass energy of, respectively, 80 and 40 eV. The XPS narrow-scan spectra were obtained at C 1s, Ti 2p, O 1s, F 1s, P 2p, Ti 2s, Al 1s, V 2p, N 1s, and P 2s. Figure 1a shows the external appearance of the anodic oxide-treated Ti6Al4V implant. The SEM confirmed that a rough surface was created by the sandblasting and anodic oxidation of the Ti6Al4V implant surface (Fig. 1b  and c) .
RESULTS
The surface of the implant after the pickling and rinsing processing did not show an oxide layer between the Ti6Al4V implant substrate and the epoxy surface protective layer (Fig. 2a) , but after the anodization and rinsing processing (Fig. 2b ) and after heat treatment processing (Fig. 2c) , the surface did show the oxide layer between the Ti6Al4V implant substrate and the epoxy surface protective layer. The oxide layer was two layers; one layer approx. 50 nm thick was observed on the Ti6Al4V implant substrate side by dark contrast (inner layer), and an approx. 100 nm thick layer was observed on the surface side by brighter contrast (outer layer). In the inner layer, we observed dark contrast of the crystal phase. These were shown as bright contrast by the dark field image by the diffraction spot of Ti6Al4V substrate (Fig. 2d) . Bright line contrast was observed between the Ti6Al4V substrate and the inner layer.
STEM imaging revealed an electric double layer (Fig. 3a) , and the EDS map of Ti showed that the outer layer contained more Ti compared to the inner layer. In contrast, the EDS maps of Al, V and P showed that Al and V were present in both layer except top surface and most of the P was present in the outer layer (Fig. 3) . The EDS mapping also revealed that F is attributed etching with HF exited at bottom of inner layer. The wide-scan spectra of pickled, anodized and heattreated specimens revealed major peaks at O 1s, Ti 2p, C 1s for all treated surfaces (Fig. 4) . F 1s, V 2p, N 1s, Al 2p and Al 1s peaks were detected on the pickled surfaces, and P 2s and P 2p peaks were detected on both anodized and heat-treated surfaces. However, F 1s, V 2p, N 1s, Al 2p and Al 1s peaks were below the detection limit on the anodized and heat-treated surfaces.
DISCUSSION
In addition to their other benefits, anodic implants have an aesthetic advantage: when the thickness of the film is increased through anodic oxidation, it changes the appearance of the metal over a spectrum of colors 25) . The change in color of the Ti6Al4V alloy is due to the increase in the thickness of the surface oxide layer and the consequent change in the interference of the incident light radiation 26) . Compared to commercially pure titanium, gingival esthetics around the crown can be improved by coloring the implant.
Some studies reported the microstructural characterization of anodized titanium and Ti6Al4V alloy 1, 27, 28) . Many investigations of commercially pure titanium and the Ti6Al4V alloy have revealed that the thickness, morphology and structure of the oxide films are dependent on preparation procedures 29) . The oxide layer formed on titanium and the Ti6Al4V alloy by electrochemical oxidation has been reported to consist of mainly TiO 2. This has been confirmed by several investigators using X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), photocurrent spectroscopy, Rutherford backscattering spectroscopy (RBS) and Raman spectroscopy. For the oxide on the alloy surface, aluminum was founded to be present as Al 3+ , while vanadium was pressured to be in both the V 3+ and V 5+ valence states 29) . However the micro-and nanostructure of anodized layers formed on the titanium alloy surface of dental implants is still poorly understood. Our present work attempted to reveal the nanostructure and the formation mechanism of the oxide surface by TEM and STEM/EDS.
In this study, we used EDS in STEM, which has been used to map regions containing a particular species of atom in nanostructures. STEM/EDS can provide a powerful approach for obtaining structural chemical and functional information in real space at atomic resolution 30) . Here we observed that the anodic oxide layer of the Ti6Al4V alloy implant consists of two different layers. The results obtained clearly indicate that the oxide surface formation mechanism during anodization was based on the following (Fig. 5): 1) Pickled by hydrogen fluoride and nitric acid (Fig.  5a ): The layer of fluoride was shown at the top of the Ti6Al4V alloy. The layer of fluoride was not detected by TEM, but TEM did show the rough surface of the crystal grain by sandblasting. 2) Initial stage of anodization (Fig. 5b, left) : When the current is flowing, the surface of the Ti6Al4V alloy acted as the anode. The negatively charged anions and oxide ions move to the surface of the Ti6Al4V alloy. 3) Middle stage of anodization (Fig. 5b, right) :
The electron double layer was formed. Proton adsorption strongly depends on the electrostatic interaction with neighboring surface groups. The lateral interaction is generally modeled with a double-layer approach. Such an approach comprises at least the presence of a purely diffuse double-layer model. It is known that the hydrated counter-ions of the background electrolyte have a minimum distance of approach to the surface. Application of this concept leads to the Basic Stern model. The empty space between the surface and the head end of the diffuse layer is treated as a plate condenser with a capacitance C. The last is determined by the distance of separation and the dielectric properties of the layer. The hydrated ions, located at the distance of minimum approach in the 1st plane, are generally treated as point charges and are assumed to form ion pairs with surface hydroxyls. They are considered to be outer-sphere complexes without strong chemical bonds with the surface groups 31) . The second layer is made of free ions such as Ti 4+ , H2PO4 − , Al 3+ , and V 5+ which move in the fluid under the influence of electric attraction. According to our STEM-EDS analysis, Al 3+ and V 5+ had not exited near the top surface. This phenomenon corresponded to the XPS result. Although the XPS detected Al and V after the pickling, Al and V were not detected after the anodization. 4) Anodized surface: The anodic oxide layer has two different layers. This phenomenon might be explained by the electric double layer that was explained above in item 2. The inner layer was made of Ti, Al, V, and O. The outer layer was made of Ti, Al, V, O, and P. The top surface of the outer layer did not contain Al or V. These STEM/ EDS data correspond to the XPS data, in which Al and V disappeared after anodization. Even after heating, the two anodized layers did not change (according to the TEM and XPS data).
In this study, we revealed the nanostructure and atomic composition of the anodic oxide Ti6Al4V alloy. We found that Al and V were not present on the top surface of the anodic oxide surface. The measured binding energies of surface Al and V were reported to be consistent with oxide such as Al 2O3 and V2O3 or even Al and V existing as ions at interstitial or substitutional sites in the Ti oxide matrix 32) . In that work, the thin oxide film on the Ti6Al4V alloy could be a "solid solution" of titanium oxide (TiO 2) that contains dissolved aluminum and vanadium. In addition, in light of the chemical environment analysis of Al, which indicated the absence of O atoms around it, and considering the values of the ionic radius of these alloy elements, it is possible that both Al and V would be present as ions at interstitial sites in the Ti oxide matrix. The vanadium was below the detection limit of the XPS analysis.
Metal ions are released into the body from metallic biomaterials such as artificial joints, bone plates, and dental implant. The release of metal ions may cause various phenomena: transportation, metabolism, accumulation in organs, allergy, and carcinoma. Surface oxide films on metallic materials play an important role as an inhibitor of ion release 7) . It is known that during electrochemical anodizing, the electrical double layer forms at the oxide film electrolyte interface 8) . Ti6Al4V normally possesses the release risks of vanadium and aluminum ion 26, [33] [34] [35] . Aluminum ions can cause neurological disorders. Although a direct relationship between aluminum and Alzheimer's disease has not been clearly demonstrated, a detailed mechanistic basis for the hypothesis that aluminum may exacerbate events associated with Alzheimer's disease is clearly emerging 36) . Vanadium can be cytotoxic for macrophages and fibroblasts 37, 38) . It can also be bound by various iron proteins (ferritin and transferrin), which affects the distribution and accumulation of vanadium in the body 37, 39) , and can incite local and systemic reactions, and can inhibit cellular proliferation 40) . Vanadium exhibits appreciable tissue binding and can accumulate in tissues such as liver, kidneys, bone and spleen 39) . Studies on mice showed that within the first day after an intra-venous injection of vanadium, the highest levels were found in the kidney 37) . Urinary excretion is the main elimination pathway for injected vanadium in humans 5, 39) . However, in some situations, Al and V will not be detected on the superficial surface of the anodic oxide layer, as both elements are below the detection limit as confirmed by XPS in the present study. The reason why Al and V removed from surface oxidized layer is not clear, but ionic radius and ion activity probably affect this phenomenon. This indicates that the harmful release of metal ions such as aluminum and vanadium can be suppressed by an anodic oxidized Ti6Al4V alloy implant due to its biocompatibility.
Phosphorus detected with XPS indicates the existence of phosphoric acid after anodic oxidation. It was demonstrated that titanium alloy implants treated with anodic oxidation created in the same procedure as that used in the present study had the capacity for earlier osseointegration 23) . The phosphoric acid remaining on the surface may affect the capacity for early bone-anodic titanium integration. Further atom-or ion level studies are expected to confirm the influence of anodic oxidation for osseointegration.
CONCLUSION
We conducted ultrastructural and chemical investigations to determine the effects of anodic oxidation as a surface treatment for implants, and we examine the micro-and nanostructure of the anodic oxide film of a titanium alloy implant. TEM revealed that the oxide layer of a Ti6Al4V implant prepared through anodic oxidation was separated into two layers. The EDS map of Ti disclosed that the inner layer contained more Ti than the outer layer. However, the EDS maps of Al, V and P showed that Al and V were present in both layer except top surface and most of the P was present in the outer layer. XPS revealed that the amounts of Al and V on the superficial surface of the anodic oxidized layer of the Ti6Al4V alloy implant were below the detection limit, indicating that Al and V do not exist on the top surface of anodic oxide, as confirmed by XPS. This can be attributed to the biocompatibility of the anodic oxidized Ti6Al4V alloy implant.
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